RS. Quadriceps exercise intolerance in patients with chronic obstructive pulmonary disease: the potential role of altered skeletal muscle mitochondrial respiration. J Appl Physiol 119: 882-888, 2015. First published August 13, 2015 doi:10.1152/japplphysiol.00460.2015.-This study sought to determine if qualitative alterations in skeletal muscle mitochondrial respiration, associated with decreased mitochondrial efficiency, contribute to exercise intolerance in patients with chronic obstructive pulmonary disease (COPD). Using permeabilized muscle fibers from the vastus lateralis of 13 patients with COPD and 12 healthy controls, complex I (CI) and complex II (CII)-driven State 3 mitochondrial respiration were measured separately (State 3:CI and State 3:CII) and in combination (State 3:CIϩCII). State 2 respiration was also measured. Exercise tolerance was assessed by knee extensor exercise (KE) time to fatigue. Per milligram of muscle, State 3:CIϩCII and State 3:CI were reduced in COPD (P Ͻ 0.05), while State 3:CII and State 2 were not different between groups. To determine if this altered pattern of respiration represented qualitative changes in mitochondrial function, respiration states were examined as percentages of peak respiration (State 3:CIϩCII), which revealed altered contributions from State 3:CI (Con 83.7 Ϯ 3.4, COPD 72.1 Ϯ 2.4%Peak, P Ͻ 0.05) and State 3:CII (Con 64.9 Ϯ 3.2, COPD 79.5 Ϯ 3.0%Peak, P Ͻ 0.05) respiration, but not State 2 respiration in COPD. Importantly, a diminished contribution of CI-driven respiration relative to the metabolically less-efficient CII-driven respiration (CI/CII) was also observed in COPD (Con 1.28 Ϯ 0.09, COPD 0.81 Ϯ 0.05, P Ͻ 0.05), which was related to exercise tolerance of the patients (r ϭ 0.64, P Ͻ 0.05). Overall, this study indicates that COPD is associated with qualitative alterations in skeletal muscle mitochondria that affect the contribution of CI and CII-driven respiration, which potentially contributes to the exercise intolerance associated with this disease. COPD; exercise intolerance; mitochondrial dysfunction; mitochondrial respiration; muscle dysfunction EXERCISE INTOLERANCE and an increased oxygen (O 2 )-cost of physical activity are common features of chronic obstructive pulmonary disease (COPD) and are related to diminished quality of life and increased mortality in this population (4, 20, 31) . While impaired lung function certainly plays a role in exercise intolerance, the fact that diminished physical function persists even after lung function is restored by transplantation or other therapeutic means (1, 5, 15) indicates that mechanisms peripheral to the pulmonary system are involved in this dysfunction. Impaired mechanical efficiency (i.e., increased ATP or O 2 cost of contraction) has been documented in the exercising muscle of patients with COPD (3, 20, 31) and is thought to contribute to this debilitation. However, the underlying mechanisms involved in this decreased mechanical efficiency and their relationship to exercise intolerance in COPD remain uncertain.
EXERCISE INTOLERANCE and an increased oxygen (O 2 )-cost of physical activity are common features of chronic obstructive pulmonary disease (COPD) and are related to diminished quality of life and increased mortality in this population (4, 20, 31) . While impaired lung function certainly plays a role in exercise intolerance, the fact that diminished physical function persists even after lung function is restored by transplantation or other therapeutic means (1, 5, 15) indicates that mechanisms peripheral to the pulmonary system are involved in this dysfunction. Impaired mechanical efficiency (i.e., increased ATP or O 2 cost of contraction) has been documented in the exercising muscle of patients with COPD (3, 20, 31) and is thought to contribute to this debilitation. However, the underlying mechanisms involved in this decreased mechanical efficiency and their relationship to exercise intolerance in COPD remain uncertain.
During exercise, mechanical efficiency is influenced by both the efficiency of the mitochondria to resynthesize ATP (i.e., mitochondrial efficiency) and the efficiency of the muscle to translate ATP into mechanical work (i.e., ATP cost of contraction) (37) . Our group recently reported that patients with COPD exhibit an increased ATP cost of muscle contraction which likely contributes to diminished mechanical efficiency (17, 18) . However, mitochondrial efficiency, which can be influenced by either an alteration in the relative contributions of CI and CII-driven respiration in the electron transport chain (ETC) or an uncoupling of O 2 consumption from ATP synthesis (i.e., nonphosphorylating respiration), was not investigated in this previous work (17, 18) . Indeed, either or both of these scenarios of mitochondrial inefficiency could potentially play a role in the decreased mechanical efficiency and exercise intolerance observed in patients with COPD, but neither have been thoroughly investigated.
A shift in the contributions of CI and CII-driven respiration to peak respiration can affect mitochondrial efficiency, because electrons entering the ETC at CI, in the form of NADH , are at a higher energy state and subsequently result in the translocation of more protons than those entering at CII in the form of FADH 2 . Thus the FADH 2 -derived electrons ultimately yield fewer ATP per O 2 consumed (i.e., a lower P/O ratio) than their NADH-derived counterparts (12) . Therefore, a decreased contribution of CI-driven respiration in favor of a greater contribution of CII-driven respiration to overall respiration may result in a greater O 2 cost for a given workload, and potentially result in exercise intolerance. Furthermore, uncoupled O 2 consumption by the ETC occurs when hydrogen ions, pumped across the mitochondrial inner membrane in an O 2 -dependent manner, bypass ATP synthase and pass down the proton gradient by other means (e.g., uncoupling proteins), resulting in nonphosphorylating O 2 consumption or proton leak (7) . Currently, the extent to which uncoupled respiration is present in the skeletal muscle of patients with COPD is unclear.
Indeed, the studies that have examined this facet of mitochondrial respiration in COPD have produced conflicting results reporting either exaggerated or unchanged uncoupling in COPD (22, 25, 29) . Although these phenomena may contribute to the increased O 2 cost of exercise recognized in patients with COPD (8, 22, 25) and ultimately negatively impact exercise tolerance, this hypothesis has not been extensively tested in this population.
Therefore, the purpose of this study was to determine if qualitative alterations in skeletal muscle mitochondrial respiration play a role in the exercise intolerance associated with COPD. Specifically, we hypothesized that, compared with healthy controls, patients with COPD would exhibit decreased mitochondrial efficiency with reduced utilization of CI-driven respiration relative to CII-driven respiration as well as increased uncoupling (State 2 respiration) and that this decreased mitochondrial efficiency may contribute to exercise intolerance during KE in the patients with COPD.
METHODS

Subjects.
Using newspaper advertisements, and word of mouth, 13 patients with moderate-to-severe COPD and 13 age-matched, healthy controls were recruited for this study based on spirometric evidence of airway obstruction (FEV 1 Ͻ 80% predicted, FEV1/FVC Ͻ 0.70, where FEV1 is forced expiratory volume in 1 s and FVC is forced vital capacity), or the lack thereof (FEV1 Ͼ 80% predicted, FEV1/FVC Ͼ 0.70), respectively. These determinations were achieved by standard pulmonary function tests (9) . Thigh volume and muscle mass were assessed by a series of circumference and skin fold thickness measurements of the upper leg, as previously described (19) . Resting arterial O 2 (SaO2) saturation was assessed with a pulse oximeter (Nellcor N-595, Pleasanton, CA) placed on the tip of the middle finger following 5 min of seated rest. All patients and controls completed the study with the exception of one control who withdrew for reasons unrelated to the study. The Institutional Review Boards at the University of Utah and the Salt Lake City Veterans Affairs Medical Center approved all protocols employed in this study. Accordingly, all subjects provided written informed consent before inclusion in this study.
Muscle biopsy. Subjects reported to the laboratory for the muscle biopsy having refrained from vigorous exercise for 24 h. A muscle sample of the vastus lateralis muscle was obtained by a percutaneous needle biopsy 15 cm proximal to the knee at a depth of 3.5 cm under sterile conditions (31) . Immediately after the muscle sample (ϳ150 mg) was taken from the leg, part of the sample (ϳ30 mg) was immersed in ice-cold biopsy preservation fluid (BIOPS) for respiratory analyses (23) , while the remaining sample was immediately frozen and stored at Ϫ80°C for later histological and biochemical analysis.
Mitochondrial respiration and histochemical analyses. Muscle samples were prepared and permeabilized for mitochondrial respiration analysis as described by Pesta et al. (23) . Briefly, BIOPSimmersed fibers were carefully separated with fine-tip forceps and subsequently bathed in a BIOPS-based saponin solution (50 g saponin/ml BIOPS) for 30 min. Following saponin treatment, muscle fibers were rinsed twice in ice-cold mitochondrial respiration fluid (MIR05) for 10 min each rinse. After rinsing for a total of 20 min, fibers were blotted with a paper towel to measure the weight of each sample (2-4 mg).
Muscle fibers were then placed in the temperature-controlled respiration chamber (Oxytherm, Hansatech Instruments. Norfolk, UK) in 2 ml MIR05 solution and warmed to 37°C. Note that the respiration chamber was calibrated daily, and that MIR05 was air saturated with O 2 concentrations of ϳ190 to ϳ175 M O2 from the start to finish of the experiment. After allowing the muscle fibers 10 min to equilibrate, mitochondrial respiratory function was assessed using the protocol described in Table 1 to determine the peak CI-driven respiration (State 3:CI), the peak CII-driven respiration (State 3:CII), and the peak CIϩCII-driven respiration (State 3:CIϩCII). Oxygen consumption not linked to phosphorylation (i.e., State 2) was also assessed ( Table  1 ). Pilot studies indicated that the concentration of the substrates and inhibitors used were at saturating levels. Importantly, only samples that exhibited evidence of mitochondrial membrane integrity (less than a 10% increase in respiration in response to cytochrome c) were included in this study. Note that respiration data were acquired as the average respiration for the final minute of steady-state respiration for each step and that samples were run in duplicate and averaged across runs. Initially, respiration data were examined in terms of O 2 flux per mg of tissue (wet weight) to obtain an indication of mitochondrial capacity per milligram of tissue. To further explore whether the mitochondria of patients with COPD exhibit qualitative changes in mitochondrial respiratory function, respiration was also examined as a percent of the peak respiration exhibited during State 3:CIϩCII, as well as in terms of the ratio of State 3:CI to State 3:CII (i.e., CI/CII). As described by Pesta et al. (23) , these internal ratios, which juxtapose one respiration state to another within an experimental run, provide insight into the qualitative function of the mitochondria in a mitochondrial content-independent manner, while introducing no extra variance. Immunofluorescence was used to determine muscle fiber type (Myosin Heavy Chain I: primary antibody BA-F8, secondary antibody Alexa Fluor 350; Myosin Heavy Chain IIa/IIx: primary antibody SC-71, secondary antibody Alexa Fluor 488) and capillarity (ab96884, Abcam, MA) with an Imager A2 microscope with Axiocam and accompanying software (Zeiss), as described in detail by Bloemberg and Quadrilatero (6) . Chemicals used in the study were purchased from Sigma-Aldrich (St. Louis, MO), while primary antibodies for fiber typing were purchased from the Developmental Studies Hybridoma Bank (University of Iowa) and secondary antibodies from Invitrogen (Thermo Fisher Scientific).
Dynamic single leg knee extensor exercise. Dynamic single leg KE exercise was performed on a custom-made KE ergometer (2, 33) . After undergoing several familiarization visits, subjects performed exercise protocols to determine both maximum KE work rate (i.e., power) and endurance/exercise tolerance. Maximum KE work rate was determined with subject-specific incremental protocols (2-5 W/min) designed to reach a point of exhaustion within 8 -12 min (30). Description of the protocol used to assess mitochondrial respiratory function, the site of action of each chemical introduced to the preparation (ϩSubstrate; ϪInhibitor), and the respiration state associated with each step. Note that steady-state rates were achieved for each step, which took approximately 3 min, before proceeding to the next step.
KE endurance or exercise tolerance was determined by having subjects perform KE at 80% of their maximum work rate until exhaustion (34) . In both KE tests, subjects were instructed to maintain a cadence of 60 rpm until exhaustion. Exhaustion or task failure was defined as the inability to maintain a cadence of greater than 50 rpm.
Assessment of physical activity. Physical activity was assessed over the course of 7-10 days via accelerometry (Actigraph LLc, Pensacola Fl), which has recently been validated for use in COPD patients (28) . These accelerometers, which assess physical activity in counts by summing the accelerations along three axes over the course of each minute, were worn by subjects during all waking hours, except when showering or swimming. Based on the recommendations of the manufacturer of the accelerometer, thresholds for sedentary, light, and moderate to vigorous activity were defined as Ͻ99, 100-1,959, and 1,952ϩ counts/min, respectively. Gait speed represents the usual walking speed (average of two trials) of the subjects over 10 m (35) .
Statistical methods. Differences in respiration states were analyzed with two-way repeated-measures ANOVA. Significant main effects or interactions were subsequently analyzed with Holm-Sidak post hoc test. Differences in subject characteristics between groups were made with independent samples t-tests. Correlations between variables were assessed with Pearson product-moment correlation. Data are represented as means Ϯ SE and ␣ ϭ 0.05. Table 2 , patients and controls were of similar age and BMI. However, by design, spirometric indices of lung function were decreased in the patients with COPD (P Ͻ 0.05). Nevertheless, resting O 2 saturation was similar between groups. KE maximum work rate was not different between groups; however, KE endurance was greatly reduced in the patients with COPD (P Ͻ 0.05). Although all subjects underwent the biopsy procedure and completed all other testing, two of the patients with COPD failed to complete the KE protocols, for reasons unrelated to the study. Interestingly, there were no differences in fiber type or capillary density between the patients with COPD and the controls (P Ͼ 0.05). Gait speed and physical activity, assessed by both accelerometry and steps per day, were lower in the patients with COPD than the healthy controls (P Ͻ 0.05). Eleven of the thirteen patients with COPD were former smokers and reported an average time elapsed since quitting of 13 Ϯ 3 yr (range 2-28 yr). Four of the controls were identified as former smokers and reported an average time elapsed since quitting of 39 Ϯ 6 yr (range of 22-60 yr). One patient with COPD and none of the controls reported being current smokers. Aside from the medications listed in Table 2 , subjects were free from any medications within the last 6 mo.
RESULTS
Subject characteristics. As represented in
Mitochondrial respiration and muscle characteristics. In terms of respiration per milligram of muscle, a significant interaction existed between subject group (i.e., control or COPD) and respiration states (P Ͻ 0.05), such that the impact of COPD on respiration depended on the respiration state under consideration. Notably, State 3:CI (37. , P ϭ 0.18). As wet weight muscle respiration indicated altered utilization of the CI and CII pathways in COPD, the relative contribution of each pathway in terms of percent of peak respiration during State 3:CIϩCII (Fig. 1B) was explored. Consistent with the data represented in terms of wet weight respiration (Fig.  1A) , a significant interaction between subject group and respiration state was observed (P Ͻ 0.05). Further analysis revealed a diminished contribution of the CI pathway in COPD (83.7 Ϯ 3.4 and 72.1 Ϯ 2.4% Peak, P Ͻ 0.05) and further revealed an exaggerated contribution of the CII pathway (64.9 Ϯ 3.2 and 79.5 Ϯ 3.0% Peak, P Ͻ 0.05). State 2 respiration represented as a percentage of peak respiration was not different between groups (33.5 Ϯ 4.1 and 32.3 Ϯ 4.5% Peak, P Ͻ 0.05). Note that cytochrome c had no effect on respiration in either subject group (P Ͼ 0.05).
As it was hypothesized that patients would exhibit a greater reliance on CII-driven respiration than CI-driven respiration additional analysis of the relative contribution of the CI-and CII-driven pathways with the CI/CII was performed. As illustrated in Fig. 2A , CI/CII was significantly lower in patients with COPD compared with controls (0.82 Ϯ 0.05 and 1.27 Ϯ 0.05, respectively; P Ͻ 0.05).
Mitochondrial respiration, KE endurance, and lung function. To explore the implications of this altered mitochondrial phenotype on exercise tolerance, the relationship between CI/CII and KE endurance (i.e., time to exhaustion) was examined (Fig. 2B) . Overall, CI/CII exhibited a significant relationship with KE endurance (r ϭ 0.43, P Ͻ 0.05) which appears to have been driven largely by the moderate correlation within the patients (r ϭ 0.64, P Ͻ 0.05), as no relationship was found when only the healthy controls were included in the correlation analysis (r ϭ 0.03; P ϭ 0.94). As illustrated in Fig. 2C , lung function, as assessed by FEV 1 , also exhibited a significant relationship with CI/CII (r ϭ 0.55, P Ͻ 0.05); however, this relationship may have been driven by group differences, as there was no relationship between FEV 1 and CI/CII within each group (COPD: r ϭ 0.15, P Ͼ 0.05; control: r ϭ 0.13, P Ͼ 0.05). Additionally, across both groups, moderate-to-vigorous physical activity was significantly correlated with several qualitative parameters of mitochondrial function including State 3:CII %peak (r ϭ 0.52, P Ͻ 0.05), and CI/CII (r ϭ 0.49, P Ͻ 0.05). However, these relationships may have been partly driven by group differences, because when examined within each group, moderate-to-vigorous physical activity was unrelated to all indices of qualitative mitochondrial function (P Ͼ 0.05).
DISCUSSION
The purpose of this study was to determine if qualitative alterations in skeletal muscle mitochondrial respiration are associated with quadriceps exercise intolerance in patients with COPD. In terms of intrinsic mitochondrial function, patients with COPD exhibited a decreased reliance on CI-driven respiration and a greater reliance on the metabolically less-efficient CII-driven respiration, while uncoupled respiration was not different between groups. As detailed below, this study provides novel evidence that the quadriceps exercise intolerance exhibited by patients with COPD is associated with qualitative alterations in skeletal muscle mitochondrial respiratory function.
CI vs. CII-driven respiration in COPD. As already recognized, the exercise intolerance exhibited by patients with COPD is thought to be partly related to changes within the muscle that result in an increased O 2 cost of exercise (20, 31) . Indeed, as has been reported previously (8, 22, 25) , in the current study muscle fibers from patients with COPD exhibited significantly reduced rates of respiration per milligram of muscle (Fig. 1A) . Certainly these reduced rates of O 2 consumption may impair aerobic capacity, especially when coupled with the reduced muscle mass sometimes exhibited by patients with COPD (Table 2) . However, such attenuated respiration rates do not necessarily confer a qualitative change in the mitochondrial function that could explain the increased O 2 -cost of exercise associated with COPD (25) . Given that electrons entering the ETC at CII require more O 2 to resynthesize a given amount of ATP than electrons entering at CI (12), we hypothesized that patients with COPD would also exhibit an increased reliance on the less-efficient CII-driven respiration compared with the more-efficient CI-driven respiration. Indeed, such a pattern of altered respiration was evident in patients with COPD as State 3:CI was significantly reduced in COPD compared with controls while State 3:CII was not (Fig.  1) . Thus, in agreement with previous research (8) , it appears that the reduction in State 3:CIϩCII exhibited by patients with COPD in the current study was largely driven by diminished CI-driven respiration rather than CII-driven respiration. (Fig.  1A) . Consequently, when considered in relative terms, the current data indicate that CI-driven respiration makes up a lesser proportion of peak respiration and provides a smaller metabolic contribution than CII-driven respiration in patients with COPD than in healthy controls (Figs. 1B and 2A) .
In light of decreased CI-driven respiration, the maintenance of CII-driven respiration per milligram tissue in the patients with COPD likely prevented further loss of respiratory function in the muscle that would have occurred if CII-driven respiration was also decreased. However, it should be emphasized that in terms of ATP production, CI and CII-driven respiration are not equal. Even if CII-driven respiration was exaggerated to the point that it fully compensated for the diminished CI-driven respiration in terms of O 2 consumption, given the lower P/O ratio, such augmented CII-driven respiration would not fully offset the decrement in terms of ATP production (12) . Therefore, if patients with COPD do rely on this less efficient metabolic pathway more than controls, the mitochondria of the patients would be obligated to respire more than their healthy counterparts to produce the same amount of ATP. This appears to have been the case for the patients studied by Richardson et al. (31) and Medeiros et al. (20) who demanded greater amounts of O 2 to perform the same amount of work as their healthy counterparts. To date the P/O ratio from combined CI ϩ CII driven respiration has not been fully explored in COPD. Previously, Puente-Maestu et al. (27) reported that the P/O ratio of mitochondria from patients with COPD was similar to healthy controls, but in this case the P/O ratio was only measured during CII-driven respiration. Based upon our data, the P/O ratio is more likely to be depressed when both CI and CII are stimulated simultaneously as it may be the relative contribution of each pathway during physiological respiration and not necessarily the isolated function of each pathway that affects the P/O ratio in patients with COPD. While it is not clear if the qualitative alterations in mitochondrial respiration (i.e., reduced CI/CII) observed in the current study were associated with a decreased P/O ratio, it is clear that this altered respiratory profile was related to exercise intolerance among the patients, as those who exhibited low CI/CII (i.e., low contribution of CI with high contribution of CII) fatigued earlier than those patients who exhibited a greater CI/CII (Fig. 2) .
Currently, it is not clear why the mitochondria of patients with COPD exhibit diminished CI-driven respiration compared with the mitochondria of healthy controls. Interestingly, Daussin et al. (10) reported a similar predominance of CII over CI-driven respiration in the mitochondria of sedentary individuals compared with those of endurance-trained individuals. In the current study, while both the patients and controls were relatively sedentary (36), the patients were less active than the controls (Table 2) . Thus it is possible that physical inactivity played a role in the diminished role of CI-driven respiration in COPD; however, it has previously been reported that altered mitochondrial respiration persists in patients with COPD even when matched for physical activity (27) . In this regard, it should be noted that the observed differences in respiration in the current study existed despite there being no significant difference in muscle fiber type (Table 2) . Additionally, it has recently been suggested that, due to increased free radical production and decreased antioxidant defenses, the mitochondrial DNA of patients with COPD is prone to oxidative damage (14, 26) . Interestingly, CII represents the only complex of the ETC that is not encoded, at least in part, by mitochondrial DNA. Thus the shift in ETC pathway to predominantly CIIdriven respiration may potentially be the consequence of decreased CI respiration due to mitochondrial DNA damage. Certainly, further research is needed to determine the role of physical activity and mitochondrial DNA integrity in the diminished utilization of CI-driven respiration observed in patients with COPD.
Uncoupled respiration in COPD. This study also tested the hypothesis that a component of the exercise intolerance typical of patients with COPD would be a consequence of an increase in uncoupled or nonphosphorylating O 2 consumption. Contrary to our hypothesis, State 2 respiration per milligram of muscle was not significantly augmented among patients with COPD (Fig. 1A) ; in fact, it tended to be lower among patients with COPD. Additionally, there was no difference in State 2 respiration when expressed as a percentage of peak respiration (Fig.  1B) . Thus this trend of reduced uncoupled respiration per milligram of tissue appears to be the consequence of reduced peak respiration rather than a qualitative change within the mitochondria. Thus, based on these data, it seems unlikely that exaggerated uncoupled respiration contributes to the exercise intolerance or the increased O 2 -cost of exercise common to patients with COPD. Nevertheless, as noted earlier, evidence regarding uncoupled respiration in COPD is conflicting and somewhat complex. For example, Picard et al. (25) reported no significant difference in State 2 respiration between patients with COPD and controls, while Naimi et al. (22) reported that patients with COPD had significantly greater State 2 respiration than controls. As it has been demonstrated that cachexic patients with COPD are more likely to exhibit exaggerated uncoupling (29) , the disagreement between findings may to some extent reflect the heterogeneity of disease severity among patients.
Increased O 2 cost of contraction in an O 2 -limited population. Based upon the current data, patients with COPD exhibit decreased mitochondrial efficiency in terms of CI/CII, but not in terms of uncoupling. When considered in isolation this decrease in mitochondrial efficiency may not appear to be a severe limitation in COPD, but when viewed in combination with other physiological alterations present in this patient population it becomes clear that this qualitative change in mitochondrial function has the potential to severely exacerbate exercise intolerance in COPD. First, it is worth noting that in patients with COPD O 2 delivery is often reduced (11, 13) . For example, during exercise, particularly during large muscle mass exercise, patients with COPD exhibit varying degrees of pulmonary diffusion limitation that results in decreased blood O 2 saturation and content, which may compromise muscle O 2 delivery (13) . Additionally, patients with COPD exhibit an increased work of breathing for a given level of exercise, which may limit locomotor muscle O 2 delivery by redirecting a portion of a finite cardiac output, which may already exhibit a lower O 2 content, away from the exercising locomotor muscles and toward the respiratory muscles (11) . Thus, in patients with COPD, decreased mitochondrial efficiency may demand more O 2 from an already reduced supply. Second, the consequences of decreased mitochondrial efficiency may be magnified by the increased ATP cost of contraction that our group recently observed in patients with COPD (17, 18) . Specifically, it appears that not only do patients with COPD utilize a less efficient ETC pathway to synthesize ATP, but once synthesized, more ATP is required to elicit a contraction cycle, thereby exaggerating the O 2 cost of contraction even more. Third, given the decreased respiratory capacity per milligram of muscle reported in this study (Fig. 1A) and other studies (8, 22, 25) , the ability of patients with COPD to meet the increased demand for O 2 consumption due to altered mitochondrial efficiency is potentially hindered.
Together the multiple alterations in O 2 supply by the cardiopulmonary system and O 2 demand by the exercising muscle in patients with COPD likely converge to create a supplydemand mismatch where the exercising muscle demands more O 2 to perform a given amount work and this is compounded by a diminished O 2 supply. While it is unclear whether all of these factors converged in the current patients with COPD, it is evident that the documented reduction in mitochondrial efficiency was related to exercise intolerance (Fig. 2B) , thus implying that this phenomenon may play a role in the limited exercise capacity exhibited by these patients.
Experimental considerations. While this study was designed to follow up on previous observations from our group (32) and others (20) , which indicate that patients with COPD experience a greater O 2 cost of exercise, it should be noted that not all studies have observed mechanical inefficiency in this heterogeneous patient population. Therefore, as mechanical efficiency of the quadriceps was not directly measured in the current study, it cannot, with complete certainty, be concluded that the patients studied here exhibited the mechanical inefficiency we have observed in other such patients. Nevertheless, given the inefficient mitochondrial profile observed in this study, and the increased ATP cost of contraction observed in another recent study comprised of many of the same subjects (18) , it seems likely that the O 2 cost of exercise is elevated in this group.
In this study we intentionally recruited sedentary, healthy, age-matched controls, but, due to the very low levels of physical activity typical of patients with COPD, the controls were still more physically active than the patients (Table 2) . Therefore, as mitochondrial function is related to physical activity, it is possible that some of the differences in mitochondrial function are due to differences in physical activity rather than the disease itself. However, as physical activity did not explain the variation in CI/CII within each group, it seems unlikely that physical activity is the sole reason for the observed differences in mitochondrial function. Further research is needed to determine how much of the altered mitochondrial profile in COPD is due to the disease and how much is due to disease-associated disuse. Similarly, patients with COPD are often prescribed medications that may affect mitochondrial function (e.g., corticosteroids and statins) (16, 21) , but it seems unlikely that drug therapy played a significant role in the current study as the patients and controls were mostly free of such medications for the past 6ϩ mo (Table 2) .
Finally, what is referred to as peak respiration in this study represents the peak respiration observed during the described protocols, and is not necessarily the maximum respiration achievable by the mitochondria. Indeed, utilization of other, less-physiological protocols or other chemicals [e.g., tetramethyl phenylenediamine (TMPD)] (23) can result in respiration rates greater than those reported as peak respiration in this study.
Conclusions. Qualitative alterations in skeletal muscle mitochondrial function that emphasize the relatively less efficient CII-driven respiration over the more efficient CI-driven respiration appear to contribute to decreased muscle function and exercise intolerance in patients with COPD. As patients with COPD often experience compromised O 2 supply, such an increase in metabolic demand may yield deleterious effects even during the relatively modest physical demands of performing simple activities of daily living.
